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Hirschmanniella kwazuna sp. n. from South Africa with notes on
a new record of H. spinicaudata (Schuurmans Stekhoven, 1944)
Luc & Goodey, 1964 (Nematoda: Pratylenchidae) and on the
molecular phylogeny of Hirschmanniella Luc & Goodey, 1964
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Summary — A new species of the genus Hirschmanniella, H. kwazuna sp. n., is described from unidentified grass growing in
undisturbed veldt from South Africa. Hirschmanniella kwazuna sp. n. is characterised by having a very irregular heat-relaxed body
posture, body 1522-2049 pm long, lip region low and rounded with four or five lip annuli, stylet 18-22.5 um long, lateral field
areolated along entire body, spermatheca filled with sperm, tail with 62-81 ventral annuli narrowing to a tip bearing a ventral mucro,
angular crystal-like inclusions within body cavity in most of the specimens and phasmid situated 12-24 annuli or 15-26 um anterior to
tail tip. Males, like females, have crystal-like inclusions with the tail curved strongly dorsad in most specimens. Juveniles are similar to
females. Molecular sequence analysis using the D2-D3 expansion segments of 28S, partial 18S and ITS rRNA sequences distinguished
H. kwazuna sp. n. from H. loofi and other species of the genus. Hirschmanniella spinicaudata is reported from South Africa for the first
time and described. Phylogenetic analyses based on analysis of the D2-D3, 18S and ITS rRNA genes are given for eight, ten and five
valid and unidentified Hirschmanniella species, respectively.
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During a study of the KwaZulu-Natal Midlands, plant-
parasitic nematodes from wetlands were collected to
identify those species most likely to be associated with
different wetland conditions. In a few of the sites, ne-
matodes belonging to the genus Hirschmanniella Luc &
Goodey, 1964 were found. Most of the specimens be-
longed to a new species while a few were identified
as H. spinicaudata (Schuurmans Stekhoven, 1944) Luc
& Goodey, 1964. Only a few unidentified juveniles of
Hirschmanniella have previously been reported in South
Africa (Marais & Swart, 1998; Marais et al., 2004) and
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one unidentified female was collected in a sugarcane field
in 1994 (M. Marais, pers. comm.).

Hirschmanniella species are well adapted to an aquatic
environment and parasitise paddy rice and a number of
aquatic plants. The genus presently contains 35 valid
species (Siddiqi, 2000; Tandingan De Ley et al., 2007).
It was originally proposed by Luc and Goodey (1962) for
a group of Radopholus Thorne, 1949 species with several
distinguishing characters: hemispherical and not offset lip
region, elongated pharyngeal glands overlapping the in-
testine ventrally, mucronate tail tip and long body. Fotedar
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and Handoo (1978) erected a new subfamily Hirschman-
niellinae within Pratylenchidae for the genera Hirschman-
niella, Pratylenchoides Winslow, 1958, Zygotylenchus
Siddiqi, 1963 and Apratylenchoides Sher, 1973. Siddiqi
(2000) considered only Hirschmanniella within this sub-
family. Using morphological datasets, the phylogenetic
relationships of Hirschmanniella with other genera were
discussed by Luc (1987) and Ryss (1988) who suggested
that Hirschmanniella might be related to Pratylenchus Fil-
ipjev, 1936 and Zygotylenchus based on the structure of
the lip region and pharynx. Molecular phylogenies recon-
structed using D2-D3 expansion segments of 28S rRNA
gene sequences (Subbotin et al., 2006; Tandingan De Ley
et al., 2007) and 18S rRNA gene sequences (Holterman
et al., 2006; Tandingan De Ley et al., 2007) supported a
close relationship of Hirschmanniella with Pratylenchus
and Meloidogyne Goldi, 1887. However, relationships be-
tween these genera still remain poorly resolved. Ribo-
somal RNA genes have been used for molecular char-
acterisation of Hirschmanniella spp. by several research
teams. Chen et al. (2006) provided ITS-rRNA sequences
for H. oryzae (van Breda de Haan, 1902) Luc & Goodey,
1964 and H. mucronata (Das, 1960) Luc & Goodey, 1964
whilst Tandingan De Ley et al. (2007) molecularly char-
acterised four species of Hirschmanniella from the USA
and presented molecular phylogeny of the genus using
four D2-D3 and seven 18S rRNA sequences. In this pa-
per, we provide molecular characterisation of the new
species from South Africa together with some unidenti-
fied Hirschmanniella sp. from Europe using three rRNA
gene fragments and reconstructed molecular phylogenetic
relationships between species of the genus based on rRNA
gene sequences.

Materials and methods

NEMATODE POPULATIONS

Soil samples from wetland sites were collected us-
ing a bucket auger and the specimens were extracted
from the soil using the elutriation technique of Seinhorst
(1962). Specimens of H. loofi Sher, 1968 and unidenti-
fied Hirschmanniella spp. were kindly provided for mole-
cular study by Drs W. Bert (Belgium) and D. Sturhan
(Germany), respectively. Several Hirschmanniella species
sequences (Chen et al., 2006; Holterman et al., 2006; Sub-
botin et al., 2006; Tandingan De Ley et al., 2007) were
obtained from the GenBank database.
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LIGHT MICROSCOPE AND SEM STUDY

Nematodes were killed in FPG (formalin-propionic
acid) (Netscher & Seinhorst, 1969) and mounted in pure
glycerin using the slow method described by Hooper
and Evans (1993). For scanning electron microscopy part
of the material was transferred to TAF (triethanolamine
formalin), then dehydrated in increasing concentrations
of amyl acetate in pure alcohol with a final step in pure
amyl acetate. Following conventional critical point drying
and gold/palladium coating (15 nm), specimens were
viewed with a Philips XL30 DX41 stereoscan electron
microscope at 10 kV.

DNA EXTRACTION, PCR, CLONING, SEQUENCING
AND PCR-RFLP

For DNA extraction, several specimens from each sam-
ple were put into a drop of water on a glass slide and
cut under a binocular microscope. Nematode fragments
were transferred into Eppendorf tubes containing 16 ul
ddH,0, 2 pul 10x PCR buffer and 2 pul Proteinase K
(600 g ml~') (Promega, Madison, W1, USA). The tubes
were incubated at 65°C (1 h) and then at 95°C (15 min).
Detailed protocols for PCR, cloning and automated se-
quencing are as described by Tanha Maafi et al. (2003).
The following primers sets were used for amplification
and sequencing of ribosomal RNA gene fragments: i) for-
ward D2A (5-CAAGTACCGTGAGGGAAAGTTG-3')
and reverse D3B (5-TCGGAAGGAACCAGCTACTA-
3’) for the D2-D3 of 28S rRNA gene (Nunn, 1992);
ii) forward TWS81 (5-GTTTCCGTAGGTGAACCTGC-
3’) and reverse AB28 (5'-ATATGCTTAAGTTCAGCGG
GT-3') for the ITS1-5.8S-1TS2 (Curran et al., 1994); and
iii) forward G18SU (5'-GCTTGTCTCAAAGATTAAG
CC-3’) (Dorris & Blaxter, 2000) and reverse R18Tyll
(5'-GGTCCAAGAATTTCACCTCTC-3') for partial 18S
rRNA gene (Chizhov et al., 2006). Two clones for each
gene fragment were sequenced. The newly obtained se-
quences were submitted to the GenBank database under
the following numbers: EU620460-EU620463 for partial
18S rRNA gene, EU620464-EU620469 for the D2-D3 of
28S gene, and EU620470-EU620475 for the ITS rRNA.

The PCR product was purified using the QIAquick
Gel Extraction Kit (Qiagen, Crawley, UK). Three ul
of purified product of the ITS of the new Hirschman-
niella species was digested by one of following re-
striction enzymes: Bsh1236l, Hinfl, Pstl or Rsal in
the buffer stipulated by the manufacturer. The digested
DNA was run on a 1% agarose and 0.7% Synergel®
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TAE-buffered gel, stained with ethidium bromide, vi-
sualised using UV transilluminator and photographed.
The exact lengths of each restriction fragment from the
PCR products were obtained by a virtual digestion of
the sequences using WebCutter 2.0 (available online at
www.firstmarket.com/cutter/cut2.html).

MOLECULAR PHYLOGENETIC ANALYSIS

Sequences for each rRNA gene fragment were aligned
separately with outgroup taxa (Holterman et al., 20006;
Subbotin et al., 2006) using ClustalX 1.83 with default
parameters for gap opening and gap extension penalties.
Sequence alignments were analysed using maximum par-
simony (MP) and maximum likelihood (ML) with PAUP*
4b10 (Swofford, 2003). We used heuristic search set-
ting with ten replicates of random taxon addition, tree
bisection-reconnection branch swapping to seek the most
parsimonious trees. Gaps were treated as missing data.
Robustness of the clades was assessed using bootstrap
analysis yielding a bootstrap percentage (BP) for each
node estimated from 1000 replicates. The models for nu-
cleotide substitutions for ML analysis were selected in-
dividually for each ribosomal gene using the program
MrModeltest 2.2 (Nylander, 2002) with the Akaike In-
formation Criterion (AIC) in conjunction with PAUP*.
Bootstrap (BS) analysis for ML was done using 100
pseudo-replicates with tree searches in each replication
performed using one random-sequence-addition without
branch swapping.

Descriptions

Hirschmanniella kwazuna” sp. n.
(Figs 1-5)

MEASUREMENTS
See Table 1.

Female

Body slender. All heat relaxed specimens with body
forms ranging from slightly arcuate ventrally (rare) to
highly irregular in most specimens. Lip region low,
rounded, not set off, with four or five annuli, indistinct in
some specimens. SEM photographs showing no longitudi-
nal lines on lip annuli. Labial disc oblong, slightly raised

“The species name is derived from the Province of
KwaZulu-Natal, the area in which the specimens were found.
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above labial plate laterally and fused with labial plate
dorsally and ventrally. Amphidial openings forming two
slits on lateral sides of labial disc. Cephalic framework
moderately sclerotised, extending posteriorly for two or
three annuli from basal plate. Stylet short, well developed,
knobs rounded posteriorly, varying from sloping to hollow
anteriorly with outer tips well directed anteriorly in some
specimens. Anterior and posterior cephalids situated 3-4
and 12-16 annuli posterior to base of lip region. Hemi-
zonid seen in only a few individuals, two or three annuli
long, located from one annulus anterior to one annulus
posterior to excretory pore. Hemizonion not seen in any
specimens. Excretory pore position highly variable, rang-
ing from just anterior to median bulb to opposite anterior
part of pharyngeal lobe, anterior to junction of pharyngeal
lumen with intestine. Pharyngeal glands slender, overlap-
ping on ventral side. Beginning of lateral field near lip
very indistinct, but apparently starting ca a body diam.
posterior to stylet knobs, comprising three bands (i.e., four
lines) areolated along entire length of body, more distinct
in anterior and posterior region under light microscope
whereas SEM photographs showing all bands areolated
over entire length of body with anastomoses and broken
striae in middle band. Spermatheca round to oblong, large,
filled with large, rounded sperm cells; anterior spermath-
eca frequently smaller than posterior spermatheca. Small,
round to oval vaginal glands present. Tail with 62-81 ven-
tral annuli, tapering to a narrow terminus, more rounded
dorsally with a ventral mucro with a knob-like tip. Intes-
tine not, or only slightly, overlapping rectum. Vacuoles
observed more clearly in some specimens. In most speci-
mens, crystal-like inclusions were noticed, in some speci-
mens more in anterior region of body, in some more ante-
rior to anus and in some seen throughout entire length of
body. Crystals are of different shapes and sizes but mostly
angular. Phasmids situated 12-24 annuli anterior to tail tip
but not exactly opposite each other.

Male

Similar to female, including crystal-like inclusions.
Spicules well developed, arcuate ventrad. Gubernaculum
simple with variously hooked or curved distal end, not
protruding. Tail with 68-82 ventral annuli, strongly curved
dorsad in most specimens with a ventral mucro. Phasmids
situated 17-32 annuli anterior to tail tip.

Juveniles (? J3 and ? J4)

Similar to female in all aspects including presence of
crystal-like inclusions. Tail with a ventral mucro as seen
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Fig. 1. Hirschmanniella kwazuna sp. n. A, C: Holotype female anterior region; B, D: Male anterior region; E: Female median bulb
region showing anterior position of excretory pore; F: Holotype female lateral field at mid-body; G: Holotype female vulva at mid-body;
H, I: Male median bulb region showing position of excretory pore; J: Female anterior spermatheca; K: Female posterior spermatheca;

L: Male lateral field at mid-body. (Scale bars = 20 pum.)
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Fig. 2. Hirschmanniella kwazuna sp. n. A, J-M: Body posture of heat-relaxed females; B: Holotype female, posterior region; C, D:
Variation in female tail tip; E: Variation in gubernaculum distal end; F: Variation in female stylet knobs; G: Male posterior region; H,
I: Body posture of heat-relaxed males; N: Variation in form and size of crystal-like inclusions in body. (Scale bar: A, H-M = 200 um;
B-G, N =20 um.)
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Fig. 3. Hirschmanniella kwazuna sp. n. Female, SEM. A: Anterior region, lateral view; B: Lip region, en face view; C: Lateral field at
mid-body with areolation (arrow); D: Vulva, ventral view; E: Tail region; F: Mucro on tail tip (arrow). (Scale bars: A-C = 5 um; D =
10 um; E=20 um; F =1 um.)
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Fig. 4. Hirschmanniella kwazuna sp. n. Male, SEM. A: Anterior region, lateral view; B: Lip region, en face view; C: Lateral field at
mid-body with areolation (arrow); D: Cloaca with spicules; E: Tail region; F: Mucro on tail tip (arrow). (Scale bars: A-D =5 um;
E=20um; F=1 um.)
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Fig. 5. Hirschmanniella kwazuna sp. n. A-C: Crystal-like inclusions (arrows); D: Habitus. (Scale bars: A-C = 10 um; D = 500 um.)

in adult males and females but not very distinct in some
specimens.

TYPE HABITAT AND LOCALITY

Numerous females, males and juveniles collected on
4 April 2006 by S. Schroeder from unidentified grass in
undisturbed veldt in a non-impacted, permanently wa-
terlogged wetland (29°12'15.7"S, 29°50'54.6"E) at an
altitude of 1446 m a.s.l. on Watershed farm, a pro-
tected crane-breeding site near the town of Mooirivier,
KwaZulu-Natal Province, South Africa.

OTHER LOCALITIES

One female collected by S. Schroeder at Howard farm,
near Nottingham Road, KwaZulu-Natal Province, South
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Africa, from grass from undisturbed veldt in a non-
impacted grassland in a permanently and seasonally wa-
terlogged wetland (29°22'09”S, 29°56'21”E) at an alti-
tude of 1446 m a.s.l. One female collected by V.W. Spaull
in 1994 from a sugarcane field at the La Mercy Re-
search Station in the coastal belt near the town of Veru-
lam, KwaZulu-Natal Province (29°37’'S, 31°08'E), South
Africa, at an altitude of 50 m a.s.l.

TYPE MATERIAL

Holotype female and male and numerous females,
males and juveniles deposited in the National Collection
of Nematodes, ARC-PPRI, Pretoria. One slide T-5478p

Nematology
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Table 1. Morphometrics of Hirschmanniella kwazuna sp. n. All measurements in um and in the form: mean % s.d. (range).

Character Female Male 24 23 Female
Holotype Paratypes Paratypes Paratypes Paratypes (ex sugarcane)
n - 20 22 9 3 1
L 1803 1805 £ 211.7 1548 + 133.3 1169 £ 80 608-862 1910
(1522-2049) (1314-1960) (1028-1276)
a 64.5 64.8 +4.3 63.3 +6.1 53+44 37.9-46 61.1
(56.2-72.2) (54-78) (45.3-58.2)
b 4.8 52+09 5.5+09 4.54+0.7 3443 -
(3.7-7.8) 4.3-7.1) (3.8-5.4)
b’ 13 133£1.6 127 £ 1.1 9.8 £0.8 7-8.6 -
(9.7-16.1) (11.4-14.8) (8.3-10.8)
c 17.6 20.6 £ 2.6 225+29 185+ 1.2 15.3-19.5 16.5
(17.6-26.4) (16.7-25.2) (15.9-19.6)
I 5.1 454+0.6 41405 36+0.3 2.9-3.3 -
(2.9-5.2) (3-4.9) (3.4-4)
(0] 18.6 17.5+£22 178 £2.4 19.2 + 3.8 14.5-19.5 17.6
(14-21.6) (13.5-21.6) (14.3-25)
DGO 4 35+£05 3.75+ 0.5 35+£0.6 2-3 3.5
(3-4) (2.5-4) (2.5-4.5)
v 53 52 +£3.1 - 156 £ 40.3 22-36" 50.5
(46-59) (109-223)"
G 24 26 + 3.1 - - - 17.5
(22-34)
Gy 24 24 +3 - - - -
(18.5-29)
M 49.3 489+1.9 479 +2.1 473+£1.5 46.4 49
(45.5-52.5) (44-51) (45.8-51.1)
T - - 593 £ 79.4 - - -
(514-776)
Ant. ovary length 433 442.5 +58.4 - - - 338
(337-558)
Post. ovary length 438 424 + 63.1 - - - -
(318-547)
Stylet length 22 205+ 1.1 20+ 1 18 £ 0.5 14-15 18.5
(18-22.5) (18.5-22) (17-19)
Metenchium 11 10£0.7 9.5+ 0.8 85+04 7 9
(8.5-11.5) (8-11) (8-9)
Telenchium 11 10.5 £ 0.6 10.5£04 95+04 8 9.5
(10-11.5) (10-11) (9-10)
Stylet knob height 2 3+£05 3+0.5 2.25+0.3 2 3
(2-3.5) (2-4) (1.5-2.5)
Stylet knob width 5 45+04 4.5+ 0.6 4+03 3-4 4.5
4-5) (4-6) (3.5-4.5)
Pharynx 374 337 £ 67.7 296 + 48.7 263 £43.7 177-202 -
(233-437) (220-373) (203-330)
Pharyngeal gland overlap 235 215 £59.2 165 £ 37.5 143 +43.8 101 -
(141-297) (180-246) (82-200)
Excretory pore from 127 116 £21.6 102+ 164 88.5+ 124 65.5-87 -
anterior end (69-151) (66-121) (60-101.5)
Annuli to excretory pore - 94 + 8 94 4+ 6.6 - - 88
(88-114) (86-104)
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Table 1. (Continued).

Character Female Male 24 13 Female
Holotype Paratypes Paratypes Paratypes Paratypes (ex sugarcane)
Anterior to pharyngo/int. 139 138 £ 154 122 +£99 - - -
junction (110-172) (100-138)
Excretory pore to 12 23+ 134 23+ 164 - - -
pharyngo/int. junction (5-59.5) (0-65.5)
Mid-body diam. 28 28 +2.5 245425 22+22 15.5-19 31
(23.5-33) (21-30.5) (18.5-24.5)
Median bulb length 17.5 175+ 1.5 16 +1.1 16+1.3 13-14 -
(15-20.5) (14-17.5) (14-18.5)
Median bulb diam. 18 135+1.9 1275 £ 1.5 11.5+0.7 9.5-11 -
(10.5-18) (10-15.5) (10-12.5)
Valve length 4 45+05 4+0.6 4+02 3-35 -
(4-5.5) (3-5.5) (3.5-4.5)
Valve width 3 35+£04 3+05 3£03 2.5-3 -
(2.5-4) (2.5-4) (2-3)
Lip region diam. 11 11.5+0.7 11+£0.7 10+£0.9 9-9.5 11
(10-12.5) (10-12.5) 9-11)
Lip region height 4 4405 44+0.6 4+04 3-4 4
(3.5-5) (3-5) (3-4.5)
Annulus width 2 1.75+0.3 1.5+0.2 1.5+03 1-1.5 2
(1.5-2) (1.5-2) (1-2)
Lateral field width 7.5 85+£15 8+ 14 6+1 3-5.5 6.5
(6.5-12) (6-11.5) (4.5-7.5)
Ant. spermatheca length 20 28.5+£5.7 - - - -
(20-40)
Ant. spermatheca diam. 19 20 £2.1 - - - -
(17-24)
Post. spermatheca length 48 38.5 £ 15.7 - - - -
(26-78)
Post. spermatheca diam. 16 18 £3.6 - - - -
(11.5-25.5)
Spicule length - - 31+ 1.8 - - -
(28-34.5)
Gubernaculum length - - 12+ 1.8 - - -
(9.5-16)
Tail annuli - 72+ 6.5 75+59 - - 78
(62-81) (68-82)
Tail length 102 89+ 13.6 73 +10.8 63 +4.3 36.5-40 116
(68-107) (52-93) (59-68.5)
Annuli from phasmid to 21 19+£3.6 - 19+£25 - 24
tail tip (12-24) (15-22)
Phasmid to tail tip - 19.5+35 21+38 - - 38.5
(15-26) (17-32)

* Genital primordium length.

with one paratype male and three female paratypes

deposited in the US Department of Agriculture Nematode
Collection (USDANC), Beltsville, MD, USA.
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DIAGNOSIS AND RELATIONSHIPS

Females of Hirschmanniella kwazuna sp. n. are charac-
terised by having a very irregular heat-relaxed body pos-
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ture, body 1522-2049 um long, a low, rounded lip region
with four or five lip annuli, stylet 18-22.5 um long, excre-
tory pore position highly variable ranging from just ante-
rior to median bulb to opposite anterior part of pharyngeal
lobe, anterior to the junction of pharyngeal lumen with
intestine, lateral field areolated along entire body, sper-
matheca filled with sperm, tail with 62-81 ventral annuli,
narrowing to tip with a ventral mucro, angular crystal-like
inclusions in body cavity and the phasmid situated 12-24
annuli or 15-26 um anterior to tail tip. Males similar to
females, including the crystal-like inclusions, and with a
dorsally curved tail with ventral mucro.

In having an annulated tail tip with a ventral mucro,
a completely areolated lateral field, no ventral notch on
tail and a stylet of 18-22.5 um, H. kwazuna sp. n. is
distinct from the 34 species listed by Siddiqi (2000) and
from the recently described H. santarosae Tandingan De
Ley, Mundo-Campo, Yoder & De Ley, 2007. The new
species is closest to H. areolata Ebsary & Anderson,
1982, H. belli Sher, 1968, H. gracilis (de Man, 1880)
Luc & Goodey, 1964, H. loofi, H. mucronata, H. oryzae,
H. pomponiensis Abdel-Rahman & Maggenti, 1987 and
H. santarosae.

In having a very irregular body posture and angular
crystal-like inclusions in the body H. kwazuna sp. n.
differs from all the above-mentioned species. Also, all
four lines of the lateral field continue 8-14 annuli posterior
to the phasmid while in most of the other species listed
above the outer lines proceed for 3-7 annuli posteriad
to the phasmid and the inner lines stop anterior to the
phasmid (see Sher, 1968), although in H. santarosae and
H. pomponiensis the lines end near the tail tip.

Hirschmanniella kwazuna sp. n. is separated from
H. areolata by the female having a more irregular body
form vs ventrally arcuate to C-shaped, stylet shorter at
20.5 (18-22.5) vs 24-27 pm, stylet knobs sloping to
hollow anteriorly with outer tips sometimes well directed
anteriorly vs bulbous and flange-like, excretory pore
location from anterior end much more variable at 116
(69-151) vs 130-145 pm, ventral tail annuli numbering
72 (62-81) vs 53 (48-61), phasmid situated closer to tail
tip at 19.5 (15-26) vs 22-29 pum, male stylet shorter at
20 (18.5-22) vs 25-27 um, excretory pore situated more
anterior at 102 (66-121) vs 121-147 um and location also
more variable, male tail strongly curved dorsad in most
specimens vs ventrally arcuate and gubernaculum not with
such acute endings as illustrated by Ebsary and Anderson
(1982).
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Hirschmanniella kwazuna sp. n. is differentiated from
H. belli by the females having 4-5 lip annuli vs usu-
ally with three indistinct annuli but occasionally with 3-4,
stylet knobs varying from slightly sloping to hollow an-
teriorly vs slightly sloping, excretory pore situated from
anterior to median bulb to opposite anterior part of pha-
ryngeal lobe vs slightly anterior to level of pharyngo-
intestinal valve, spermathecae large and filled vs incon-
spicuous and empty, males numerous vs rare, lateral field
areolated vs not areolated to incompletely areolated, es-
pecially in tail region, and by the male tail conspicuously
curved dorsad vs not.

The new species differs from three populations of
H. gracilis by the following characters: females generally
have a shorter stylet of 20.5 (18-22.5) vs 23 (21-24), 22
(21-24) and 21 (20-24) wm, respectively, stylet knobs
slightly sloping to hollow anteriorly vs rounded; lateral
fields completely areolated vs usually not areolated, or at
most incompletely areolated on tail, tail tip always with
mucro vs usually with ventral projection, tail annulated
almost to tail tip vs only small part of tail tip non-
annulated. The males of H. kwazuna sp. n. differ in having
a higher c value of 22.5 (16.7-25.2) vs 18 (17-20), 19 (17-
21) and 17 (16-18), respectively, generally lower ¢’ value
of 4.1 (3-4.9) vs 4.9 (4.5-5.1), 4.4 (3.8-5.1) and 4.9 (4.3-
6.1), respectively, generally shorter stylet of 20 (18.5-22)
vs 22 (21-23) and 21 (20-22) um, respectively, spicules
shorter at 31 (28-34.5) vs 36 (30-38), 34 (27-37) and 35
(31-37) pum, respectively, and tail strongly curved dorsad
vs not.

Hirschmanniella kwazuna sp. n. can be separated from
two populations of H. loofi by slightly higher female ¢
value at 20.6 (17.6-26.4) vs 17.3 (15-19) and 17 (14-20),
respectively, female stylet very much smaller at 20.5 (18-
22.5) vs 34-37 um, higher o value of 17.5 (14-21.6) vs
12 (8-15) and 13% (11-15%), respectively, lip region with
4-5 vs 5-6 annuli, stylet knobs sloping to hollow anteriorly
vs pear-shaped with a greater height than width, and
lateral field areolated vs incompletely areolated on tail.
Males have a smaller stylet at 18.5-22 vs 31-34 um, higher
o value 17.8 (13.5-21.6) vs 12% (10-14%) and shorter
spicules at 31 (28-34.5) vs mean values of 38-44 um.

Females of H. kwazuna sp. n. can be differentiated from
three populations of H. mucronata by stylet knobs sloping
to hollow anteriorly vs sloping, lateral field areolated
along entire body vs areolated only in posterior region,
higher o value of 17.5 (14-21) vs 14 (10-16), 11 (9-14)
and 9% (6-12%), respectively, and shorter stylet of 20.5
(18-22.5) vs 27 (26-29), 26 (24-28) and 27 (24-29) um,
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respectively. Males are slightly shorter at 1548 (1314-
1960) vs 1760 (1700-1830), 1860 (1550-2003) and 1930
(1850-2500) pm, respectively, and have a slightly higher
a value of 63.3 (54-78) vs 54 (52-60), 57 (49-62) and
57 (54-60), respectively, shorter stylet of 20 (18.5-22) vs
26 (25-27), 25 (24-27) and 26 (24-28) pm, respectively,
higher o value of 17.8 (13.5-21.6) vs 15 (11-19), 11 (9-
14) and 9% (6-11%), respectively, slightly shorter mean
spicule length of 31 (28-34.5) vs 33 (29-35), 33 (30-
36) and 34 (32-36) pm, respectively, and 35-38 um,
according to Das (1960).

Hirschmanniella kwazuna sp. n. females can be distin-
guished from two populations of H. oryzae by a longer
body at 1805 (1522-2049) vs 1300 (1030-1630) and 1440
(1140-1630) um, respectively, higher b’ value of 13.3
(9.7-16.1) vs 10.7 (8.8-12.1) and 10.2 (7.9-11.7), respec-
tively, higher ¢ value of 20.6 (17.6-26.4) vs 17 (15-19)
and 18 (16-20), respectively, lip region with 4-5 annuli
vs 3-4 annuli, stylet knobs sloping to hollow anteriorly
vs rounded to slightly sloping anteriorly, and lateral field
completely areolated vs not so, but occasionally incom-
pletely areolated in posterior region. Males differ in be-
ing longer at 1548 (1314-1960) vs 1170 (1010-1400 pm
and have a higher b’ value of 12.7 (11.4-14.8) vs 10 (9.1-
11.3) and 10.1 (8.3-11.1), respectively, higher ¢ value of
22.5 (16.7-25.2) vs 17 (16-18), slightly lower ¢’ value of
4.1 (3-4.9) vs 4.9 (4.1-5.4) and 4.8 (4.4-5.1), respectively,
stylet length of 20 (18.5-22) vs 17 (15-19) um, longer gu-
bernaculum at 12 (9.5-16) vs 8 (7-9) and 8 (7-10) um,
respectively, longer spicules at 31 (28-34.5) vs 23 (18-26)
and 23 (20-25) um, respectively, and tail strongly curved
dorsad vs not.

Females of H. kwazuna sp. n. are separated from those
of the original description and a new isolate of H. pom-
poniensis by higher c value of 20.6 (17.6-26.4) vs 17 (15-
22) and 14 (11-17), respectively, lower ¢’ value of 4.5 (2.9-
5.2) vs 5 (4-7) and 7.4 (6-9), respectively, longer anterior
ovary at 442 (337-558) vs 332 (228-407) pum (new isolate
population), longer posterior ovary at 424 (318-547) vs
308 (218-367) um (new isolate population), longer stylet
of 20.5 (18-22.5) vs 18.8 (18-20) um (new isolate popula-
tion), longer pharynx at 337 (233-437) vs 309 (243-376)
and 308 (273-341) pm, respectively, longer pharyngeal
overlap of 215 (141-297) vs 165 (144-197) um (new iso-
late population), excretory pore location more variable
at 116 (69-151) vs 152 (146-161) and 155 um, respec-
tively, from anterior end with number of annuli from an-
terior end also more variable at 94 (88-114) vs 101 (95-
109) and 102, respectively, shorter tail at 89 (68-107) vs
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113 (99-136) and 154 (119-189) pm, respectively, lateral
field completely areolated vs incompletely areolated, and
tail with a ventral mucro vs without. Males are slightly
shorter at 1548 (1314-1960) vs 1883 (1810-1990) and
1873 (1725-2064) um, respectively, have a lower ¢’ value
of 3-4 vs 6.3 (6-7) and 5.1-5.2, respectively, shorter dis-
tance from anterior end to pharyngo-intestinal junction
of 122 (100-138) vs 142 (139-149) and 138 (135-141)
wm, respectively, excretory pore located more anterior to
pharyngo-intestinal junction at 23 (0-65.5) vs 9.7 (0-22)
and 3.7 (1-12) pum, respectively, slightly shorter spicules
at 31 (28-34.5) vs 32 (32-33) and 37.3 (34-40) pm, res-
pectively, shorter tail at 73 (52-93) vs 119 (101-133) and
107 (97-118) pm, respectively, and tail conspicuously
curved dorsad vs not.

From H. santarosae, the females of H. kwazuna differ
by a higher c value of 22.5 (16.7-25.2) vs 16.4 (14-19),
lower ¢’ value of 4.1 (3-4.9) vs 6.3 (5.4-7.5), distance
from anterior end to pharyngo-intestinal junction shorter
at 122 (100-138) vs 145 (117-163) um, slightly shorter
pharynx at 296 (220-373) vs 340 (273-412) um, excretory
pore located closer to anterior end at 102 (66-121) vs
134 (99-145) pm, excretory pore location from pharyngo-
intestinal junction more variable at 23 (0-65.5) vs 12.3 (2-
23) pum, gubernaculum longer at 12 (9.5-16) vs 8.2 (6-11)
um and with a more irregular distal end, shorter tail at 73
(52-93) vs 80 (86-127) pum and tail conspicuously curved
dorsad vs not.

MOLECULAR CHARACTERISATION

PCR with TWS81 and AB28 primers amplifying ITS-
rRNA yielded products of 781, 783, and 731 bp in length
for H. kwazuna sp. n., H. loofi, and Hirschmanniella sp.
from Germany, respectively. Hirschmanniella kwazuna
sp. n. differs from closely related species H. loofi in 50 nu-
cleotides (6.8%). Lengths of amplicons for D2-D3 of
28S rRNA and part 18S rRNA for studied Hirschman-
niella spp. were on average ca 680 and 800 bp, respec-
tively. Sequences of the D2-D3 expansion segments of
28S rRNA and partial 18S rRNA of H. kwazuna sp. n.
differ from those of H. loofi in 26-29 (3.7-4.0%) and 2-3
(0.3-0.4%) nucleotides, respectively. The specific status of
H. kwazuna sp. n. is supported by the presence of several
unambiguous autapomorphies, viz., at least four for D2-
D3 and 14 for the ITS rRNA, but not by the 18S rRNA
sequence.

RFLP-ITS diagnostic profiles with four enzymes ob-
tained for H. kwazuna sp. n. is presented in Figure 6.
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M U 1 2 3 4 M

Fig. 6. Restriction fragments of amplified ITS rRNA digested by
four restriction enzymes. M = 100 bp DNA ladder (Promega);
U = unrestricted PCR product, 1 = Bshi236l, 2 = Hinfl,
3 =Pstl, 4 = Rsal.

RPFLP fragment lengths are: Bsh12361, 718, 63 bp; Hinfl,
428, 171, 156, 26 bp; Pstl, 397, 384 bp; Rsal, 695, 86 bp.

Hirschmanniella spinicaudata (Schuurmans
Stekhoven, 1944) Luc & Goodey, 1964
(Fig. 7)

A few, mainly juvenile, specimens of this species were
found during the survey. One poorly preserved female and
a male specimen could be studied and their measurements
are as follows:

Female

L = 3436 pum; a = 52.2; b’ = 5.6; ¢ = 24.7,
¢’ =3.9;0=2_8.5, DGO = 4 um; V = 53.7; stylet length
= 47.5 um; metenchium length = 24.5 pum; telenchium
length = 23 pm; stylet knob height = 7.5 um; stylet knob
width = 9 pm; pharynx length = 610 pm; excretory pore
from anterior end = 227 pum; mid-body diam. = 66 um;
median bulb = 26.5 x 23 pum; lip region diam. = 21
pm and height = 10 um; annulus width at mid-body
= 3 um; lateral field width = 17 um; tail length = 139
pum; Phasmid situated 14 annuli anterior to tail tip; tail
with 60 ventral annuli.
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Male

L =2770 um; a = 62.8; ¢ = 19.9; ¢’ = 4.6; 0 =6.8;
DGO = 3 um; stylet length = 43 pum; metenchium length
= 22.5 pum; telenchium length = 20.5 wm; stylet knob
height = 3 um; stylet knob width = 6 pwm; mid-body
diam. = 44 pum; median bulb = 31.5 x 20.5 um; lip
region diam. = 17 um and height = 8 um; annulus
width at mid-body = 3 um; lateral field width = 11.5
pm; tail length = 139 um; spicule length = 53.5 um;
gubernaculum length = 18.5 pum.

HABITAT AND LOCALITY

Collected from grass from undisturbed veldt in a
non-impacted grassland in a permanently and seasonally
waterlogged wetland (29°22'09”S, 29°56/21”E) at an
altitude of 1446 m on Howard Farm near Nottingham
Road, KwaZulu-Natal Province, South Africa.

PHYLOGENETIC RELATIONSHIPS WITHIN
HIRSCHMANNIELLA AS INFERRED FROM ANALYSIS OF
RIBOSOMAL RNA GENES

ML and MP analyses generated trees with similar
topologies for corresponding gene fragments. ML trees
reconstructed using three fragments of rRNA gene (D2-
D3 288, 18S and ITS rRNA) sequences are given in Fig-
ures 8 and 9. The monophyly of Hirschmanniella was
highly supported by 18S rRNA and D2-D3 phylogenetic
analysis. In all trees H. kwazuna sp. n. and H. loofi are sis-
ter taxa. The three major moderately or highly supported
(BS > 78) clades can be revealed from ML and MP trees:
i) H. kwazuna sp. n. and H. loofi; ii) Hirschmanniella sp.
A, B and H. belli; and iii) H. pomponiensis, H. santarosae,
H. gracilis, three unidentified Hirschmanniella from The
Netherlands and an unidentified Hirschmanniella sp. from
Germany.

Discussion

DNA BARCODING OF HIRSCHMANNIELLA

DNA barcoding is becoming a powerful tool for iden-
tifying nematodes. It is based on the idea that a particu-
lar nucleotide sequence from common genes can serve
as a unique identifier for every species. This approach is
especially important for diagnostics of nematode groups
in which species are distinguished by limited numbers
of variable morphological and morphometrical characters.
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Fig. 7. Hirschmanniella spinicaudata (Schuurmans Stekhoven, 1944) Luc & Goodey, 1964. A: Female anterior region; B: Male anterior

region; C: Female lateral field at mid-body; D: Female posterior region; E: Male posterior region; F: Female lip region; G: Male

lateral field at mid-body; H: Male lip region. (Scale bars: A, B

50 um; C-H = 30 um.)

Nematology
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Hirschmanniella kwazuna sp. n. (South Africa, EU620466, cl1) Hirschmanniella kwazuna sp. n. (South Arica, EU620460, cl2)
98 . . )
Hirschmanniella kwazuna sp. n. (South Arica, EU620467, cl2) Hirschmanniella kwazuna sp. n. (South Africa,EU620461, cl1)

100

Hirsch i Joofi (Belgi EU620468, cl2) Hirschmanniella loofi (Belgium, EU306353)
Hirschmanniella sp.B (USA, Arizona, EF029857)

Hi iella loofi ( i EU620469, cl1) 79
Hirschmanniella belli (USA, California, EF029856)
Hirschmanniella belli (USA, California, EF029860)
Hirschmanniella sp.2 (Netherlands, AY284615)

Hirschmanniella sp.A (Viet Nam, DQ328686
PAVI ) Hirschmanniella sp.1 (Netherlands, AY284614)

Hirschmanniella sp.B (USA, Arizona, EF029861)

100 60 Hirschmanniella sp.3 (Netherlands, AY284616)

Hirschmanniella santarosae (USA, California, EF029859) . .
7 Hirschmanniella sp.C (Germany, EU620462, cl1)
Hirschmanniella pomponiensis (USA, California, DQ077795) 100] Hirschmanniella sp.C (Germany, EU620463, cl2)

og [ Hirschmanniella sp.C (Germany, EU620464, cl2) 85 o7 Hirschmanniella gracilis (EU669959)

Hirschi iella sp.C (G y, EU620465, cl1)

a8 Basiria gracilis (DQ328717)
D Aglenchus agricola (AY780979)

Amplimeriinius icarus (DQ328714)

Hirschmanniella santarosae (USA, California, EF029855)
L

9 Hirschmanniella pomponiensis (USA, California, EF029854)
Amplimerlinius icarus (EU306351)

Aglenchus sp. (AY284586)

Boleodorus thylactus (AY993976)
041 0.1

A B

Fig. 8. Phylogenetic relationships within the genus Hirschmanniella as inferred from maximum likelihood analyses of sequences of
the D2-D3 expansion segments of 28S rRNA. A: Using GTR + I + G model and part 18S rRNA; B: Using SYM + G model of DNA
evolution. Bootstrap values are given on appropriate clade. Newly obtained sequences are indicated in bold.

Hirschmanniella oryzae (Taiwan, DQ309588)

Hirschmanniella sp.C (Germany, EU620474, cl1) Hirschmanniella mucronata (Taiwan, DQ309589)

80
Hirschmanniella kwazuna (South Africa, EU620470, cl1)

Hirschmanniella loofi (Belgium, EU620472, cl1)

0.1

Fig. 9. Phylogenetic relationships within the genus Hirschmanniella as inferred from maximum likelihood analyses of sequences of the
ITS rRNA using GTR + I + G model of DNA evolution. Bootstrap values are given on appropriate clades. Newly obtained sequences
are indicated in bold.

The genus Hirschmanniella evidently belongs to this cat- lows researchers to avoid mistakes in nematode identifi-
egory. Ryss (1988) and Tandingan De Ley et al. (2007) cation.

noted that several reports on identification of common Application of rRNA markers also allows estimation
Hirschmanniella species in literature might be incorrect of species diversity and possible species number for the
and may actually represent cryptic species. Tandingan De genus. Species of Hirschmanniella have been described
Ley et al. (2007) and the present study showed that rRNA from different climatic zones although most occur in trop-
genes serve as reliable markers to differentiate species of ical and subtropical regions (Ryss, 1988). Although there
this genus and test species validity. Thus, molecular ap- is a geographical bias in sampling for the present datasets,
proach in combination with morphological analysis al- our preliminary results on comparing known morphos-
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pecies in Europe, i.e., H. behningi (Micoletzky, 1923) Luc
& Goodey, 1964, H. gracilis, H. loofi, H. zostericola (All-
gén, 1934) Luc & Goodey, 1964, and species from Eu-
rope presently separated using DNA support the possibil-
ity that the number of species of Hirschmanniella is much
greater than is evident from a traditional morphological
viewpoint.

Historically the 18S rRNA gene has been proposed
as a marker for DNA barcoding of nematodes and this
gene is now widely used for such research (see Floyd
et al., 2002; Powers, 2004). Our present study on the
comparison of H. kwazuna sp. n. and H. loofi showed
that this marker has relatively low discriminative power
whereas the D2-D3 of 28S and, especially, ITS rRNA
fragment clearly differentiated allied species. The results
of many studies indicate that sequence divergences at
ITS regularly enable the discrimination of closely related
species across tylenchids (Powers et al., 1997; Powers,
2004). It is clear that several ribosomal genes, including
the D2-D3 of 28S, which can also be considered good
markers for phylogenetic reconstruction, the ITS rRNA
and protein coding genes should be included in future
DNA barcoding projects to facilitate detailed species
differentiation.

PHYLOGENY OF HIRSCHMANNIELLA SPECIES

Phylogenies of Hirschmanniella reconstructed using
partial 18S and 28S rRNA gene sequences are generally
congruent with those presented by Holterman et al. (2006)
and Tandingan De Ley et al. (2007). The present data in-
cluded more samples and indicate the presence of three
major clades within Hirschmanniella. Based on the esti-
mation of rRNA sequence and morphological divergence
among pairs of closely related species, the rate of morpho-
logical and molecular evolution may vary amongst the dif-
ferent lineages of Hirschmanniella. Sequence differences
between H. santarosae and H. pomponiensis were higher
(see Tandingan De Ley et al., 2007) than those between
H. kwazuna sp. n. and H. loofi, although the first species
pair was less divergent in morphology than the second
pair. Molecular datasets from more species are still nec-
essary to reconstruct a comprehensive phylogeny and to
reveal correlation trends between molecular and morpho-
logical or geographical groupings.

CRYSTAL-LIKE INCLUSIONS IN HIRSCHMANNIELLA

Several authors have found inclusions in the body of a
number of nematodes but they all differ from the angular
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crystal-like inclusions found in H. kwazuna sp. n. Zucker-
man et al. (1973) found polyhedral virus-like bodies of ca
20 nm diam. in the intestinal cells of Dolichodorus hete-
rocephalus Cobb, 1914. Nuss (1984) found large num-
bers of light refracting crystalloid inclusions in the body
wall musculature of Tobrilus gracilis (Bastian, 1865) An-
dréssy, 1959 during summertime. In winter the inclusions
were rare. Sulphur was found to be the main component
of these crystalloid inclusions and was considered as part
of a detoxification system for sulphur ions. According to
Nuss and Trimkovsky (1984), these crystalloids are the
product of a detoxification mechanism necessary for sur-
vival in H,S-rich conditions.

Hirschmanniella belli, H. oryzae and H. anchoryzae
Ebsary & Anderson, 1982 specimens obtained from the
USDA Nematode Collection were checked for similar
crystals. Only H. belli showed one or two crystals in
one of the specimens, the other two having none. In one
population of H. oryzae from Portugal, one individual
had a structure which could perhaps be a crystal. Two
populations of H. oryzae from the Ivory Coast and
Burkino Faso from the South African National Collection
were also studied, but no crystal-like inclusions were
found in any of the specimens.

Acknowledgements

Mrs N.H. Buckley is thanked for technical assistance
and Mrs S. Schroeder is thanked for collecting the
samples. The authors thank Drs D. Sturhan and W. Bert
for providing Hirschmanniella material for molecular
study. The second author acknowledges support from NSF
PEET grant DEB-0731516.

References

ABDEL-RAHMAN, F. & MAGGENTIL, A.R. (1987). Hirschman-
niella pomponiensis n. sp. (Nemata: Pratylenchidae), parasitic
on bulrush, Scirpus robustus Pursh. Journal of Nematology
19, 147-151.

CHEN, D.Y.,, NI, H.F,, YEN, J.H., CHEN, R.S. & TsAy, T.T.
(2006). Distribution of rice root nematode Hirschmanniella
oryzae and a new recorded H. mucronata (Nematoda: Praty-
lenchidae) in Taiwan. Plant Pathology Bulletin 15, 197-210.

CHIZHOV, V.N., CHUMAKOVA, O.A., SUBBOTIN, S.A. &
BALDWIN, J.G. (2006). Morphological and molecular char-
acterization of foliar nematodes of the genus Aphelenchoides:
A. fragariae and A. ritzemabosi (Nematoda: Aphelenchoi-
didae) from the Main Botanical Garden of the Russian Acad-

Nematology


http://www.ingentaconnect.com/content/external-references?article=0022-300X()19L.147[aid=7864258]
http://www.ingentaconnect.com/content/external-references?article=0022-300X()19L.147[aid=7864258]

Hirschmanniella kwazuna sp. n. and molecular phylogeny

emy of Sciences, Moscow. Russian Journal of Nematology
14, 179-184.

CURRAN, J., DRIVER, F., BALLARD, J.W.O. & MILNER, R.J.
(1994). Phylogeny of Metarhizium: analysis of ribosomal
DNA sequence data. Mycological Research 98, 547-552.

DAs, V.M. (1960). Studies on the nematode parasites of
plants in Hyderabad (Andhra Pradesh, India). Zeitschrift fiir
Parasitenkunde 19, 553-605.

DORRIS, M. & BLAXTER, M. (2000). The small subunit riboso-
mal RNA sequence of Strongyloides stercoralis. International
Journal for Parasitology 30, 939-941.

EBSARY, B.A. & ANDERSON, R.V. (1982). Two new species
of Hirschmanniella Luc & Goodey, 1963 (Nematoda: Praty-
lenchidae) with a key to the nominal species. Canadian Jour-
nal of Zoology 60, 530-535.

FLOYD, R., ABEBE, E., PAPERT, A. & BLAXTER, M. (2002).
Molecular barcodes for soil nematode identification. Molecu-
lar Ecology 11, 839-850.

FOTEDAR, D.N. & HANDOO, Z.A. (1978). A revised scheme
of classification to the order Tylenchida Thorne, 1949 (Ne-
matoda). Journal of Science, The University of Kashmir 2,
57-82.

HOLTERMAN, M., VAN DEN WURFF, A., VAN DEN ELSEN,
S., VAN MEGEN, H., BONGERS, T., HOLOVACHOV, O.,
BAKKER, J. & HELDER, J. (2006). Phylum-wide analysis
of SSU rDNA reveals deep phylogenetic relationships among
nematodes and accelerated evolution toward crown clade.
Molecular Biology and Evolution 23, 1792-1800.

HOOPER, D.J. & EVANS, K. (1993). Extraction, identification
and control of plant nematodes. In: Evans, K., Trudgill,
D.L. & Webster, J.M. (Eds). Plant parasitic nematodes in
temperate agriculture. Wallingford, UK, CABI Publishing,
pp- 31-59.

Luc, M. (1987). A reappraisal of Tylenchida (Nemata). 7. The
family Pratylenchidae Thorne, 1949. Revue de Nématologie
10, 203-218.

Luc, M. & GOODEY, J.B. (1962). Hirschmannia n. g. differ-
entiated from Radopholus Thorne, 1949 (Nematoda: Tylen-
choidea). Nematologica 7, 197-202.

Luc, M. & GOODEY, J.B. (1964). Hirschmanniella nom. nov.
for Hirschmannia. Nematologica 9 (1963), 471.

DE MAN, J.G. (1880). Die einheimischen frei in der reinen Erde
und im siissen Wasser lebenden Nematoden. Tijdschrift der
Nederlandsche Dierkundige Vereeniging 5, 1-104.

MARAIS, M. & SWART, A. (1998). Plant nematodes in South
Africa. 1. Caledon area, Western Cape Province. African
Plant Protection 4, 27-33.

MARAIS, M., VAN DEN BERG, E., SWART, A. & TIEDT, L.R.
(2004). Plant nematodes in South Africa. 7. A check list of
plant nematodes from Fynbos Biome, with a description of
Helicotylenchus curatus sp. n. Koedoe 47, 67-78.

NETSCHER, C. & SEINHORST, J.W. (1969). Propionic acid
better than acetic acid for killing nematodes. Nematologica
15, 286.

Vol. 11(4), 2009

NUNN, G.B. (1992). Nematode molecular evolution. Ph.D.
Thesis, University of Nottingham, Nottingham, UK.

Nuss, B. (1984). Ultrastrukturelle und 6kophysiologische Un-
tersuchengen an Kristalloiden Einschliissen der Muskeln
eines sulfidtoleranten limnischen Nematoden (Tobrilus gra-
cilis). Veroffentlichungen des Instituts fiir Meeresforschung in
Bremerhaven 20, 3-15.

Nuss, B. & TRIMKOWSKI, V. (1984). Physikalische Mikro-
analysen an Kristalloiden Einschliissen bei Tobrilus gracilis
(Nematoda: Enoplida). Verdffentlichungen des Instituts fiir
Meeresforschung in Bremerhaven 20, 17-27.

NYLANDER, J.A.A. (2002). MrModeltest vI1.0b. Depart-
ment of Systematic Zoology, Uppsala University, Uppsala,
Sweden. Available online at http://www.ebc.uu.se/systzoo/
staff/nylander.html

POWERS, T.O. (2004). Nematode molecular diagnostics: from
band to barcodes. Annual Review of Phytopathology 42,
367-383.

Powegrs, T.O., TopDp, T.C., BURNELL, A.M., MURRAY,
P.C.B., FLEMING, C.C., SZALANSKI, A.L., ADAMS, B.A.
& HARRIS, T.S. (1997). The internal transcribed spacer
region as a taxonomic marker for nematodes. Journal of
Nematology 29, 441-450.

Ryss, A.Y. (1988). [Parasitic root nematodes of the family
Pratylenchidae (Tylenchida) of the world fauna.] Leningrad,
USSR, Nauka, 368 pp.

SCHUURMANS STEKHOVEN, J.H. (1944). Nématodes libres
d’eau douce. Exploration du Parc National Albert, Mission
H. Damas (1935-1936) 9, 1-31.

SEINHORST, J.W. (1962). Modifications of the elutriation
method for extracting nematodes from soil. Nematologica 8,
117-128.

SHER, S.A. (1968). Revision of the genus Hirschmanniella Luc
& Goodey, 1963 (Nematoda: Tylenchoidea). Nematologica
14, 243-275.

SIDDIQI, M.R. (2000). Tylenchida parasites of plants and
insects, 2nd edition. Wallingford, UK, CABI Publishing,
833 pp.

SUBBOTIN, S.A., STURHAN, D., CHIZHOV, V.N., VOVLAS,
N. & BALDWIN, J.G. (2006). Phylogenetic analysis of Ty-
lenchida Thorne, 1949 as inferred from D2 and D3 expansion
fragments of the 28S rRNA gene sequences. Nematology 8,
455-474.

SWOFFORD, D.L. (2003). PAUP*: Phylogenetic analysis using
parsimony (*and other methods), version 4.0b 10. Sunder-
land, MA, USA, Sinauer Associates.

TANDINGAN DE LEY, 1., MUNDO-OCAMPO, M., YODER, M.
& DE LEY, P. (2007). Nematodes from vernal pools in
the Santa Rosa Plateau Ecological Reserve, California I.
Hirschmanniella santarosae sp. n. (Nematoda: Pratylenchi-
dae), a cryptic sibling species of H. pomponiensis Abdel-
Rahman & Maggenti, 1987. Nematology 9, 405-429.

539


http://www.ingentaconnect.com/content/external-references?article=0068-0915()20L.3[aid=8859692]
http://www.ingentaconnect.com/content/external-references?article=0068-0915()20L.3[aid=8859692]
http://www.ingentaconnect.com/content/external-references?article=0068-0915()20L.17[aid=8859691]
http://www.ingentaconnect.com/content/external-references?article=0068-0915()20L.17[aid=8859691]
http://www.ingentaconnect.com/content/external-references?article=0022-300x()29L.441[aid=34589]
http://www.ingentaconnect.com/content/external-references?article=0022-300x()29L.441[aid=34589]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()8L.117[aid=35881]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()8L.117[aid=35881]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()14L.243[aid=1119545]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()14L.243[aid=1119545]
http://www.ingentaconnect.com/content/external-references?article=1388-5545()8L.455[aid=7794173]
http://www.ingentaconnect.com/content/external-references?article=1388-5545()8L.455[aid=7794173]
http://www.ingentaconnect.com/content/external-references?article=1388-5545()9L.405[aid=8859690]
http://www.ingentaconnect.com/content/external-references?article=0953-7562()98L.547[aid=2040775]
http://www.ingentaconnect.com/content/external-references?article=0044-3255()19L.553[aid=8859698]
http://www.ingentaconnect.com/content/external-references?article=0044-3255()19L.553[aid=8859698]
http://www.ingentaconnect.com/content/external-references?article=0020-7519()30L.939[aid=8859697]
http://www.ingentaconnect.com/content/external-references?article=0020-7519()30L.939[aid=8859697]
http://www.ingentaconnect.com/content/external-references?article=0008-4301()60L.530[aid=1119540]
http://www.ingentaconnect.com/content/external-references?article=0008-4301()60L.530[aid=1119540]
http://www.ingentaconnect.com/content/external-references?article=0962-1083()11L.839[aid=6307737]
http://www.ingentaconnect.com/content/external-references?article=0962-1083()11L.839[aid=6307737]
http://www.ingentaconnect.com/content/external-references?article=0737-4038()23L.1792[aid=7794060]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()7L.197[aid=1119550]
http://www.ebc.uu.se/systzoo/staff/nylander.html
http://www.ebc.uu.se/systzoo/staff/nylander.html

E. Van den Berg et al.

TANHA MAAFI, Z., SUBBOTIN, S.A. & MOENS, M. (2003).
Molecular identification of cyst-forming nematodes (Hete-
roderidae) from Iran and a phylogeny based on the ITS
sequences of IDNA. Nematology 5, 99-111.

540

ZUCKERMAN, B.M., HIMMELHOCH, S. & KISIEL, M. (1973).
Virus-like particles in Dolichodorus heterocephalus. Nemato-

logica 19, 117-124.

Nematology


http://www.ingentaconnect.com/content/external-references?article=1388-5545()5L.99[aid=5465068]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()19L.117[aid=8859699]
http://www.ingentaconnect.com/content/external-references?article=0028-2596()19L.117[aid=8859699]

